Introduction {#S0001}
============

Chronic obstructive pulmonary disease (COPD) is a common respiratory disease which affects about 10% of the general population. Primarily COPD was thought to affect exclusively the respiratory system. However, it is commonly known that there is a systemic aspect of chronic inflammation in COPD, which contributes to the development of extrapulmonary changes, like vascular complications, which are often observed in these patients. Vascular complications seen in COPD patients result from the phenomenon of angiogenesis and remodeling of the microvascular bed. Angiogenesis means the formation of new blood vessels on the basis of the existing ones, whereas microvascular remodeling is often the structural change of the vessel (thickening of the arterioles, capillaries and venules) without creating a new one. Both these phenomena can occur simultaneously or independently of each other if they are activated by various stimuli \[[@CIT0001], [@CIT0002]\]. These processes lead to pulmonary hypertension, a characteristic COPD feature. According to current knowledge, the von Euler mechanism constitutes the basis for this phenomenon. The results of recent studies suggest that one of the factors co-responsible for the development of pulmonary hypertension and possibly also for the remodeling of the vascular bed could be vascular endothelial growth factor (VEGF) discovered by Dvorak \[[@CIT0003], [@CIT0004]\].

Hypoxia is the main stimulus of neovascularization. Not only does it stimulate angiogenesis, but also accounts for remodeling of blood vessels in such diseases as asthma and COPD \[[@CIT0005]\]. In response to hypoxia, various cytokines stimulate the formation of new blood vessels. Angiogenesis is an important well-coordinated process regulated by many angiogenic factors. The main cytokine initiating neoangiogenesis is VEGF, the expression of which occurs under the influence of the hypoxia-inducible factor (HIF-inducible factor hypoxia). Angiogenesis is initiated by increasing vascular permeability and vascular extension. The VEGF, initially called the vascular permeability factor, stimulates also the proteolytic enzymes and regulates expression of the receptor cells involved in vascular remodeling while protecting endothelial cells \[[@CIT0004]--[@CIT0006]\]. The next step concerns the maturation of newly occurred vessels. Cross-linking of endothelial cells among themselves and also with the extracellular matrix and mesenchymal matrix makes this stage important. This process involves platelet derived growth factor (PDGF) which, as a mitogen, is responsible for the recruitment of mesenchyme \[[@CIT0007], [@CIT0008]\].

Angiopoietins (Ang-1, Ang-2) and receptors with properties of tyrosine kinase (Tie-1, Tie-2) are involved in the late phase of angiogenesis. Their essential function is to connect endothelial cells with mesenchymal cells. Tie-1 receptor participates in the endothelial cell differentiation. By contrast, Tie-2 receptor has a dual role. On one hand, it is crucial for creating a network of blood vessels, i.e. angiogenesis, and on the other hand it maintains the integrity of these vessels \[[@CIT0009], [@CIT0010]\]. Angiopoietins (Ang-1, Ang-2), which have different ligands for Tie-2 through Tie-2, can stimulate or inhibit vascular endothelial cells. Angiopoietin 1 (Ang-1), as a proangiogenic protein, contributes to the formation, maturation and stabilization of the vascular network. By contrast, angiopoietin 2 (Ang-2) -- involved in vascular remodeling, sensitizes endothelial cells to the angiogenic factors. The blockage of the Tie-2 receptor by Ang-1 contributes to the destabilization of the newly created vessels by the loss of adventitia and smooth muscle cells \[[@CIT0011], [@CIT0012]\].

Aim {#S0002}
===

Since both angiopoietins (Ang-1, Ang-2) and angiopoietin receptors (Tie-1, Tie-2) may be responsible for angiogenesis and remodeling of the microvascular bed in chronic obstructive pulmonary disease, we wanted to assess their concentrations in blood of patients with COPD and healthy smokers and non-smokers and to evaluate if the concentrations of Ang-1, Ang-2 and Tie depend on the severity of the disease.

Material and methods {#S0003}
====================

Patients {#S20004}
--------

The study comprises a group of 30 patients with COPD: 12 women and 18 men aged 50--87 (mean: 65.7 ±1.9). The diagnosis of COPD was based on the Global Initiative for Chronic Obstructive Pulmonary Disease (GOLD 2010) criteria \[[@CIT0013]\]. The patients recruited in the outpatient clinic had been clinically stable for at least 4 weeks before the first visit. None of them had either exacerbation or changed the dose of medications in the last 3 months. We excluded the following patients: patients who had had an airway infection for 4 weeks prior to the preliminary visit and in the course of the study, those receiving systemic glucocorticosteroids for 4 weeks prior to the preliminary visit and in the course of the study, as well as patients with a history of malignancy, tuberculosis, autoimmune disease and asthma.

According to GOLD standards \[[@CIT0013]\], all the patients were divided into 3 groups: those with moderate (*n* = 8), severe (*n* = 8) and very severe COPD (*n* = 14).

The healthy subjects were recruited from the general population. The control groups comprised 8 healthy smokers with an average 25 pack-year (20--30 pack-year) and 8 healthy non-smokers.

After the informed consent was obtained, all the participants underwent physical examination, spirometry. Blood samples were collected from each subject.

The project was approved by the Ethical Committee for Scientific Studies of the Medical University of Lodz, RNN/4/12/KE.

Pulmonary function tests {#S20005}
------------------------

Spirometry was performed in each participant in the morning by the same technician before breakfast using the Lungtest 1000 spirometer (MES, Krakow, Poland). The patients had to withdraw bronchodilators before the test. Pulmonary function values were expressed as a percentage of predicted values. Measured parameters included: forced expiratory volume in the 1^st^ s (FEV~1~) (% predicted) and FEV~1~/FVC (forced expiratory volume in the 1^st^ s to forced vital capacity).

Blood sampling and analyses {#S20006}
---------------------------

Blood samples were taken from the antecubital vein in the morning between 7:00 and 8:00 AM after an overnight fast. The blood was processed within 1 h after the collection and serum was aliquotted and stored at --70°C until the analysis. The measurements of serum concentration of Ang-1, Ang-2 and Tie-2 were conducted using commercial, enzyme-linked immunoassay kits (R&D (ELISA) Systems Inc., 614 McKinley Place NE, Minneapolis MN 55413, USA). The serum detectable range of Ang-1 was 14.272--65.570 pg/ml (mean: 37.122 pg/ml) and the sensitivity of assay was less than 1.36 pg/ml. The intra-assay coefficient of variability (CV) is 2.4% and inter-assay CV -- 6.4%. The serum detectable range of Ang-2 was 1065--8707 pg/ml (mean: 2494 pg/ml) and the sensitivity of assay was less than 1.20 pg/ml. The intra-assay CV was 6.9% and inter-assay CV -- 10.4%. The serum detectable range of Tie-2 is 18.6--75.3 ng/ml (mean: 27.4 ng/ml) and the sensitivity of assay was less than 0.001 ng/ml. The intra-assay CV was 4.6% and inter-assay CV was 8.3%

Statistical analysis {#S20007}
--------------------

All values are presented as mean ± SEM. Data distribution was checked on the basis of the Shapiro-Wilk test and to compare the groups with normally distributed data, the Student\'s *t*-test was used, whereas for not normally distributed data, the Mann Whitney *U*-test was performed. Value of *p* \< 0.05 was considered as significant.

Results {#S0008}
=======

The baseline characteristics of the COPD patients and healthy controls are shown in [Table 1](#T0001){ref-type="table"}. In total, there were 30 COPD patients and 16 healthy patients. Of those with COPD, 8 (26.7%) patients suffered from moderate disease, 8 (26.7%) patients had severe COPD while 14 (46.6%) patients had very severe disease. Healthy patients were divided into two groups according to their smoking status: smokers (*n* = 8) and non-smokers (*n* = 8) ([Table 1](#T0001){ref-type="table"}). The patients with very severe COPD had significantly smaller FEV~1~ values, longer history of disease and smoked cigarettes longer than patients with severe and moderate disease, whereas in patients with moderate COPD, FEV~1~ was smaller and the history of the disease as well as history of smoking was longer than in patients with moderate COPD ([Table 1](#T0001){ref-type="table"}).

###### 

The patients' baseline characteristics

  Parameter               COPD patients   Healthy controls                            
  ----------------------- --------------- ------------------ ------------ ----------- -----------
  *N*                     8               8                  14           8           8
  Gender, female : male   4 : 4           3 : 5              5 : 9        4 : 4       4 : 4
  Age                     67.0 ±5.37      70.8 ±4.43         63.9 ±3.6    53.7 ±5.2   54.2 ±2.6
  FEV~1~ (%)              60.6 ±3.2       44.1 ±8.9          34.5 ±14.1   100 ±10.1   103 ±9.1

Values presented as mean ± SD. N -- number of patients.

Concentration of angiopoietin 1 {#S20009}
-------------------------------

The concentration of Ang-1 was greater in patients with COPD than in healthy controls, however, the difference was not significant. The greatest concentration of Ang-1 was observed in patients with moderate COPD (71987.5 ±27937.5 pg/ml), whereas the lowest in healthy non-smokers (*p* \> 0.05) ([Figure 1](#F0001){ref-type="fig"}).

![Concentrations of Ang-1 in peripheral blood of patients with moderate, severe and very severe COPD and in healthy controls. Values presented as mean ± SEM](PDIA-32-23142-g001){#F0001}

Concentration of angiopoietin 2 {#S20010}
-------------------------------

The concentration of Ang-2 was higher in patients with COPD than in healthy controls. The highest concentration of Ang-2 was observed in patients with moderate COPD (10843.3 ±3333.3 pg/ml), although it was not significantly higher when compared with concentrations observed in patients with severe and very severe COPD and healthy smokers, and was significantly higher than in healthy non-smokers (5093.3 ±896.7 pg/ml) ([Figure 2](#F0002){ref-type="fig"}).

![Concentrations of Ang-2 in peripheral blood of patients with moderate, severe and very severe COPD and in healthy controls. Values presented as mean ± SEM](PDIA-32-23142-g002){#F0002}

Concentration of Tie-2 {#S20011}
----------------------

The highest concentration of Tie-2 receptor was detected in the control group of non-smokers (52.0 ±2.9 ng/ml), however, no significant differences were found between groups of patients and between the control group of smokers and non-smokers ([Figure 3](#F0003){ref-type="fig"}).

![Concentrations of Tie-2 in peripheral blood of patients with moderate, severe and very severe COPD and in healthy controls. Values presented as mean ± SEM](PDIA-32-23142-g003){#F0003}

Correlations {#S20012}
------------

In healthy smokers, serum concentrations of Ang-2 correlated inversely with concentrations of Ang-1 (*r* = --0.51, *p* = 0.18). Furthermore, in patients with moderate COPD, concentrations of Tie-2 correlated positively with concentrations of Ang-2 (*r* = 0.64, *p* = 0.14). In patients with severe COPD there was a negative correlation between serum Tie-2 and Ang-1 levels (*r* = --0.68, *p* = 0.05) and negative correlation between the levels of Tie-2 and Ang-2 (*r* = --0.77, *p* = 0.018). In addition, a positive correlation between serum Ang-2 and the patients' age (*r* = 0.71, *p* = 0.04), and between serum levels of Ang-2 and Ang-1 (*r* = 0.62, *p* = 0.08) were observed in this group of patients. There was a positive correlation between serum concentrations of Tie-2 and Ang-2 (*r* = 0.49, *p* = 0.036) and the concentrations of Ang-2 and Ang-1 (*r* = 0.41, *p* = 0.08) in patients with very severe COPD.

Discussion {#S0013}
==========

Our study showed the highest concentrations of Ang-2 in patients with moderate COPD. Contrary to our expectations, the concentrations of Ang-2 in groups of patients with severe and very severe COPD were similar to the controls. The observed phenomenon shows that the biochemical processes of COPD begin in the initial stage, which initiates vascular remodeling, as reflected by the activity of angiopoietins. In advanced COPD, characterized by pulmonary hypertension and right heart failure, vascular remodeling is completed, hence the low concentration of Ang-2. This is only a hypothesis, however, our earlier publication, which assessed the levels of VEGF and its soluble receptors (sVEGFR1, sVEGFR2) in the serum of patients with COPD, showed a significant increase in VEGF levels in patients with mild COPD \[[@CIT0014]\]. Thus, these results indirectly confirmed our hypothesis. Surprisingly, there were no differences in angiopoietin concentrations and the receptor both in healthy smokers and non-smokers. Santos *et al*. \[[@CIT0015]\], who immunohistochemically examined lung tissue samples taken during surgery, showed a significant increase in both VEGF expression and VEGF mRNA in patients with mild COPD and in healthy smokers who had not developed impaired ventilation yet. However, it is worth noticing that angiopoietins are the late mediators of angiogenesis and it is possible that the increase in VEGF concentration precedes the increase in concentrations of angiopoietins. The increase in the concentration of Ang-2 is also described in patients during exacerbation of COPD, as noted by Cho *et al*. \[[@CIT0016], [@CIT0017]\]. The concentration of Ang-2 correlated positively with CRP levels and negatively with PaO2. Similar observations were also confirmed by Oh *et al*. who showed that both hypoxia and VEGF up-regulate the concentration of Ang-2 in bovine microvascular endothelial cells \[[@CIT0016], [@CIT0017]\].

Other authors have shown that hypoxia induces expression of the gene for angiopoietins and for inflammatory cytokines \[[@CIT0018], [@CIT0019]\]. It is worth remembering that in the course of COPD, the local hypoxia may occur, which may be caused by heterogeneous distribution of ventilation and perfusion. In patients with moderate COPD, there are some areas in the lungs which are hypoxic, despite normal levels of oxygen in the bloodstream. In the moderate stage of COPD we have also observed a positive correlation between serum Ang-2 and Tie-2, which may demonstrate a parallel gene expression of the mediator and its receptor. However, in more severe COPD, the concentration of Ang-2 and Tie-2 correlated negatively, which reflects the receptors' down-regulation. It is possible that Ang-2 in the advanced stage of COPD is not responsible for stimulation and progression of COPD. The obtained data suggest that Ang-2 constitutes a factor of vascular remodeling in COPD at the moderate stage.

There are important observations concerning the negative correlations between the concentrations of Ang-1 and Tie-2 levels and between serum Ang-2 and concentration of Tie-2 in patients with severe COPD.

Surprisingly, there was no difference in the concentrations of Ang-1 between all the groups of patients with COPD. There have been no studies concerning Ang-1 in the pathogenesis of vascular lesions in COPD. Nevertheless, our results suggest that Ang-1 does not play a significant role in the pathogenesis of COPD nor in the pathogenesis of vascular lesions in the course of COPD. This indirectly suggests a different genetic regulation of gene expression for Ang-1 and Ang-2.

In the severe stage of COPD, there was a positive correlation between the serum Ang-2 and patients' age, which was not found in other groups. This phenomenon could be explained by the fact that in smoking patients subjected to high exposure to tobacco smoke, who had been indentified for higher concentrations of Ang-2, we could observe a well-developed collateral circulation in the cardiovascular system. This meant the prevention of cardiac death in this group of patients. However, it is exclusively our hypothesis, which is not supported by data from other studies.

There was also a positive correlation between serum Ang-2 and Tie-2 receptor in a very severe stage of COPD. This can be explained by the fact that in some patients, an increased expression of Ang-2 and Tie-2 receptor may be an additional factor stimulating angiogenesis and tumorigenesis. Studies have shown that COPD is an independent predictor of lung cancer. The average risk of developing lung cancer in this group of patients is 4 (from 2.7 to --5), with the average risk of 2.23 for men and 3.94 for women \[[@CIT0020]\]. Jassem *et al*. have shown that the incidence of lung cancer in smokers is related to gene polymorphism, while Galvan and Dragani have confirmed a link between nicotine 15q25 locus and the occurrence of lung cancer \[[@CIT0021]--[@CIT0023]\]. There is a certain group of patients with very severe COPD, in whom there is simultaneous activation of the expression of both Ang-2 and Tie-2. Such patients are probably at an increased risk of vascular remodeling and development of cancer, but this phenomenon requires further investigation and confirmation. The receptor for Ang-2 exhibits tyrosine kinase activity suggesting that it may act as a pro-oncogenic factor, as confirmed by Niedzwiecki in follicular thyroid carcinoma. The observed phenomenon may partially explain the coexistence of COPD and lung cancer. In all the groups of patients in our study, except for those with severe COPD, levels of Tie-2 receptor correlated with the concentration of angiopoietins (Ang-2), while in severe COPD such a correlation was negative. This phenomenon may be explained by receptors' down-regulation due to strong stimulation of the receptor by ligand, but it is unclear why it is observed exclusively in advanced COPD. Perhaps at this stage of this disease there are other mechanisms which account for the regulation of the receptor\'s expression.

What makes our study incomplete is the fact that we did not include the patients in the first stage of COPD (which was specified in GOLD guidelines). This was because somatic symptoms occurring in this group of patients are rarely reported and they do not seek specialized medical care but in Poland they are treated by family doctors.
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